ABSTRACT Experiments were done to determine the combined and potentially interacting effects of differential irrigation and feeding damage by the citrus red mite, Panonychus citri McGregor, on gas exchange of orange (Citrus sinensis (L.) Osbeck) leaves. Individual trees within a 40-yr-old grove were differentially irrigated at 80, 100, or 120% of their calculated evapotranspirational (ET) demand and differentially treated with acaricides in a factorial design. Gas exchange of orange leaves was measured at about 28-d intervals during the summer of 1987. Peak mite densities on acaricide-free trees were more than three times greater than the conventional treatment threshold, whereas peak densities on acaricidetreated trees just slightly exceeded this threshold. Gas exchange was significantly affected by irrigation and was generally highest in the 120% ET treatment. Gas exchange was generally independent of mite densities, and there was no interaction between irrigation and mite feeding on rates of gas exchange. Results suggest that for highest gas exchange rates, it may be more important to maintain irrigation levels close to or slightly above forecast ET levels than to suppress mite populations to their conventional, "visible-injury" treatment threshold.
MOSTTETRANYCHID MITESare indirect pests in that they rarely attack the marketable part of the crop, but they can reduce yields by reducing rates of photosynthesis and plant growth (Jeppson et al. 1975) . Spider mites typically reduce photosynthesis by piercing leaf cells and removing their contents (Jeppson et al. 1975 , but see De Angelis et al. 1982 .
Plants subjected to water stress and subjected to feeding injury by mites simultaneously are expected to have even lower rates of gas exchange than plants subjected to either alone (Youngman & Barnes 1986) . However, it is not clear if waterstressed plants are more sensitive to feeding injury by mites than well-watered plants (Ferree & Hall 1980 , Youngman & Barnes 1986 .
Although the citrus red mite, Panonychus citri McGregor, is considered the most important mite pest of citrus in California (Jeppson et al. 1975) , relatively little is known of the actual effect of feeding by citrus red mites on citrus tree gas exchange and fruit production. Conventional treatment thresholds are based largely on minimizing the visible damage to leaves and center upon a value of two adult females per leaf, sometimes adjusted for densities of predatory mites (Pehrson et al. 1984) . W~dding et al. (1958) showed that I Cooperative Extension, Lindcove Field Station, Exeter, Calif. 9322l.
• Current address: Department of Entomology, Virginia Polytechnic Institute, Blacksburg, \'u. 24061. potted lemon (Citrus limon (L.) Burman) trees infested with 35 citrus red mite adults per leaf had reduced photosynthesis for up to 26 wk after infestation. More recently, Hare & Youngman (1987) showed that on field-grown orange trees (Citrus sinensis (L.) Osbeck) densities of citrus red mite more than seven times greater than the conventional treatment threshold had no consistent effect on gas exchange during the growing season. In our study, we examined the combined and potentially interacting effects of differential irrigation and mite feeding on gas exchange of commercially bearing orange trees.
Materials and Methods
Experiments were done in a commercial grove of 'Washington navel' oranges on rough lemon rootstocks planted in 1947 near Woodlake, Calif. This plot is part of the Citrus IPM project, where 288 trees have been subjected since 1985 to all possible combinations of three irrigation treatments, three fertilization treatments, two fungicide-nematicide treatments, and two fruit-ripening regulator treatments in a factorial design. Two acaricide treatments were included as a fifth factor in the original design, but these treatments were not begun until 1987. Our experiments were done on 48 of the 288 experimental trees in 1987 using only the trees in one fertilization treatment (normal). These trees were not treated with fungicide; half were treated with the fruit-ripening regulator in the autumn of 1986; and the remainder were left untreated. The irrigation system included low-volume, nonrotating sprinklers (one sprinkler per tree) on individual, pressure-regulated water lines; each line served six trees. All of the trees were irrigated simultaneously for 24 h; the quantity of water delivered was varied among treatments by varying water flow rate. The interval between irrigations was varied according to ET demand and any rainfall since the previous irrigation. This approach was required to meet scheduling requirements imposed by the irrigation district and farm labor.
Timing of irrigations was determined from California Department of Water Resources weekly reports on crop water use issued for the southern San Joaquin Valley. These data include daily measured ET (evapotranspiration), normal ET, and forecasted ET for citrus. All treatments received natural precipitation during the winter (NovemberMarch) rainy period. During the period when gas exchange rates were measured, irrigations occurred at 4-5-d intervals.
Evapotranspiration treatments of 80% ET (stressed), 100% ET, and 120% ET (over watered) were maintained during the irrigation season (April-October). These irrigation treatments were chosen for their expected direct effects on photosynthesis and yield (Marsh 1973 , Hoare & Barrs 1974 , and because they have affected tree yields directly in this grove in previous seasons. For example, mean (±SEM) yields from the 1986 growing season were 142 ± 18 kg per tree in the 80% ET treatment, 157 ± 17 kg per tree in the 100% ET treatment, and 183 ± 21 kg per tree in the 120% ET treatment (c. Coggins, personal communication). .
Thirteen soil water monitoring stations each with two tensiometers, one at a depth of 0.3 m, the other at 0.6 m, were established to monitor water movement and extraction from the soil. Neutron probe measurements provided additional data on threedimensional water movement and extraction. During spring irrigations, water readily filled the soil profile; however, by midsummer, infiltration slowed such that shallow lateral wetting became the dominant form of water replenishment. External manifestations of water stress rarely were observed except in the 80% ET treatment.
Twenty-four trees (eight per irrigation treatment) were sprayed with oxythioquinox (Morestan  25 wettable Mite densities were monitored at 2-to 4-wk intervals from 11 February through 22 March, then weekly until 17 June, when populations of citrus red mite crashed at the onset of high (>40°C) temperatures. One five-leaf terminal was selected from the Current leaf flush of each of the four cardinal quadrants of each tree, and all adult female citrus red mites were counted and recorded. The mean number of adult females per leaf then was calculated from this 20-leaf sample. Previous work has shown that citrus red mites are evenly distributed throughout the canopy of the tree (Zalom et al. 1985) . Jones & Parrella (1984) showed that the density of all motile stages can be predicted accurately from the density of adult females by the equation, 10geY= 1.42.logeX, where Y is the density of all stages and X is the density of adult females. After populations of citrus red mites declined, mite days were calculated for each tree as the area under the density curve.
Gas exchange was determined using a dual-isotope porometer (Johnson et al. 1979) , which allows simultaneous measurements in the field of stomatal conductance to tritiated water vapor (THO) and assimilation of 14C02 through the lower surface of intact leaves still attached to the tree. Mites may reduce stomatal conductance by causing reductions in stomatal opening and may reduce mesophyll conductance by causing internal tissue damage interfering with CO2 transport and fixation (Sances et al. 1979) . Photosynthesis was calculated from stomatal conductance and conductance to "C02 following the procedures presented in Johnson et al. (1979) .
Because Citrus leaves can functionally recover from mite feeding injury (Albrigo et al. 1981) , we felt that any gas exchange measurements taken during the period of mite activity would not provide data representative of the photosynthetic capacity of those leaves during the whole growing season. Accordingly, we scheduled our gas exchange measurements throughout the summer at about 28-d intervals, adjusted slightly to standardize sampling so that all measurements were taken as close as possible to the midpoint between scheduled irrigations. The first measurements were taken on 23 June, shortly after populations of citrus red mite naturally collapsed, and measurements were repeated on 20 July, 19 August, and 16 September 1987.
Two adjacent leaves from the spring flush (i.e., leaves from the same age class used to census mite populations) were selected from two terminals from the east and west sides of each tree (total eight leaves per tree). The size of the trees and their spacing made it impractical to sample leaves on the north and south sides of all trees. Gas exchange 2.29 ± 0.53 adult females per leaf (5.27 ± 1.48 mites of all stages) (Fig. 1) . Thus, peak densities on the untreated trees averaged more than three times the conventional treatment threshold of two adult females per leaf (Pehrson et al. 1984) . In preliminary analyses, gas exchange parameters of trees treated with the fruit-ripening regulator the previous autumn did not differ significantly from those of untreated trees (all Fs :5 0.81; df = 1, 42; all Ps~0.37). Therefore, data from both sets of trees were pooled for subsequent analyses.
With the exception of data collected on 23 June, values of stomatal conductance, mesophyll conductance, and photosynthesis were similar to or slightly higher than values reported previously for field-grown citrus (Jones et al. 1983 , Hare & Youngman 1987 and nearly as high as those observed on potted plants (Kriedemann 1971) ( Table 1) . Rates of gas exchange and the relationships between gas exchange rates and irrigation treatment of mite density differed in the 23 June data from data collected on the last three sampling dates. One possible explanation for this anomaly may be that because leaf temperatures were about 10°higher (up to 44°C) on 23 June than on the other three dates, overall rates of gas exchange might have been abnormally low (Khairi & Hall 1976) . On this date, all three gas exchange parameters were slightly, though significantly positively associated with mite density (Table 1) . We cannot fully account for the seemingly beneficial effect of feeding by citrus red mites on gas exchange on this sampling date. Indeed, because these samples were taken shortly after the mite activity ended, we expected measurements were made on the east sides from 1000 until 1230 hours PDT and from the west sides from 1330 until 1600 hours PDT. Leaf and air temperatures and relative humidity were determined at about 20-min intervals throughout the sampling period. Because we were limited to measurements at the rate of about one sample per minute, sampling was done over a 2-d period.
After a leaf had been exposed to THO and 14C02 for 20 s, it was detached from the tree, and a 0.57-cm 2 disk was removed from the leaf and placed in a glass scintillation vial containing 1 ml cold (5°C) 80% methanol. The vial then was labeled, placed in an ice chest, and returned to the laboratory, where activity of both isotopes was determined with a liquid scintillation counter. Because of the need for destructive sampling of leaves, it was not possible to monitor gas exchange of individual leaves throughout the growth season or to relate gas exchange to mite days on an individual leaf basis. Thus, the statistical analyses focused on determining if there was any significant relation between the average number of mite days per tree and the average rates of gas exchange per tree, calculated from the means of the eight leaves per sampling date.
Differences in mean number of mite days between treated and untreated trees and among irrigation treatments were analyzed by a two-factor analysis of variance (ANOVA) (Sokal & Rohlf 1981) . Relationships between rates of gas exchange, irrigation treatment, and mite days for all 48 trees were analyzed by analysis of covariance (ANCOVA), using the ANCOVA computer program in the BIOM package of statistical programs accompanying the second edition of Sokal & Rohlf (1981) . Irrigation treatment was the fixed, or classification, effect; mite days was the continuous variable, or covariate; and the dependent variables were rates of stomatal conductance, mesophyll conductance, and photosynthesis. In this analysis, a significant effect of irrigation treatment on gas exchange rates would be indicated by significant differences among treatment means "adjusted" for mite days. A significant effect of mite days on gas exchange over all irrigation treatments would be indicated by a common slope differing significantly from zero. Significant differences in the effect of mite days on gas exchange among irrigation treatments would be indicated by significant heterogeneity among slopes calculated for each irrigation treatment.
Results and Discussion
Our acaricide applications successfully manipulated densities of citrus red mite. Peak densities on acaricide-treated and untreated trees occurred on the 11 May census. On untreated trees, mean (±SEM) densities were 6.52 ± 1.09 adult females per leaf (18.73 ± 4.40 mites of all motile stages); on acaricide-treated trees, mean densities were only • F statistic for significant "ariation among irrigation treatments after adjusting for the variation in mite days within treatnwnts; <if = 2,44.
b P < 0.01. <P < 0.05. d Overall rp!l:rpssion coefficient between mite days and the indicated gas exchange parameter; df = 1, 44. e F statistic for significant variation in the slopes of regression lines between mite days and gas exchange parameters calculated for ('ael. irrigation treatment independently; df = 2,42.
to see the greatest negative effect of mite feeding on gas exchange.
More consistent results were obtained from the last three sampling periods (20 July, 19 August, and 16 September), however. Stomatal conductance, mesophyll conductance, and photosynthesis were all numerically highest in the 120% ET treatment on all of the latter three sampling dates. Differences among irrigation treatments were statistically significant on all three dates for mesophyll conductance, on two dates (20 July and 19 August) for photosynthesis, and for one date (20 July) for stomatal conductance (Table 1) .
In general, all three gas exchange parameters were independent of feeding by citrus red mites on the last three sampling dates, and only on 19 August did any parameter (i.e., stomatal conductance) decline significantly with increasing mite days. At no time did we obtain results to suggest that trees in different irrigation treatments differed in their gas exchange response to mite feeding (all heterogeneity F statistics not significant, Table 1 ) Ferree & Hall (1980) showed that water stress and feeding by the two-spotted spider mite, Tetranychus urticae Koch, independently reduced photosynthesis and transpiration. They concluded, however, that there was no interaction in the changes in leaf physiology because of the combined effects. More recently, Youngman & Barnes (1986) showed that water stress and feeding by a population of several spider mite species caused highly significant reductions in gas exchange of almond leaves. Interactions between the two factors were found on two of four sampling dates in the first year of the study and none of six sampling dates in the second year. Youngman & Barnes (1986) concluded that mite feeding and water stress generally operate independently, and the combined effect of both on gas exchange can be calculated as their sum except when the extreme effects of one stress masked the effects of the other.
Hare & Youngman (1987) recently reported stomatal conductance and photosynthesis of orange leaves to be independent of mite density even when densities were more than seven times greater than the conventional, "visible injury" treatment threshold and discussed several factors that may moderate the effect of feeding on orange leaves by citrus red mites. Therefore, our present results showing no deleterious effect of feeding by mite populations more than three times the conventional treatment threshold are not surprising.
In summary, differential irrigation had a more consistent, significant effect on gas exchange rates Vol. 82, no. 1 of orange leaves than did mite populations more than three times the conventional treatment threshold. Gas exchange rates were numerically highest in the 120% ET treatment, and these results are consistent with differences in yields previously observed among irrigation treatments in the absence of mite injury. Our results confirm the previous finding that the conventional treatment threshold of two adult females may be conservative with regard to preserving the photosynthetic capacity of mite-damaged leaves (Hare & Youngman 1987 ) and extend that finding to a wider range of growing conditions. Although the absence of consistent negative relationships between density of citrus red mites and gas exchange rates do not preclude the existence of more subtle and long-term deleterious effects of the citrus red mite on citrus tree growth and yield, our results suggest that it may be more important to maintain irrigation levels within narrow limits for highest rates of photosynthesis than to suppress populations of citrus red mites to their conventional treatment threshold.
